Differences in internal dose of nicotine and tobacco-derived carcinogens among ethnic/racial groups have been observed. In this study, we explicitly examined the relationships between genetic ancestries (genome-wide average) and 19 tobacco-derived biomarkers in smokers from 3 admixed groups in the Multiethnic Cohort Study (1993-present), namely, African ancestry in African Americans (n = 362), Amerindian ancestry in Latinos (n = 437), and Asian and Native Hawaiian ancestries in Native Hawaiians (n = 300). After multiple comparison adjustment, both African and Asian ancestries were significantly related to a greater level of free cotinine; African ancestry was also significantly related to lower cotinine glucuronidation (P's < 0.00156). The predicted decrease in cotinine glucuronidation was 8.6% (P = 4.5 × 10
Considerable differences exist among US racial/ethnic groups in the risk of lung cancer associated with cigarette smoking after accounting for self-reported dose and duration (1, 2) . Differences in exposure and in response to tobacco smoke constituents, including nicotine and carcinogens, have been repeatedly cited as possible factors underlying the ethnic/ racial differences in lung cancer (3) (4) (5) (6) . For example, past studies have shown that nicotine uptake per cigarette was greater in African Americans (7, 8) when compared with whites; cigarettes per day-adjusted nicotine equivalents were lower in Asians compared with Native Hawaiians or whites (9) ; and slower clearance of serum cotinine and lower cotinine glucuronidation were observed for African American than for white smokers (8, 10, 11) . These differences suggest that genetic ancestry (resulting from ethnic-specific genetic polymorphisms) and/or ethnic-specific "environmental" factors (such as dietary habits, lifestyle, medication history, etc.) may play a role in the metabolism of nicotine and tobacco smokederived carcinogens. Dissecting the contribution of genetic ancestral components from that of environmental factors may lead to discovery of genetic variants influencing the metabolism of tobacco smoke ingredients and, potentially, a better understanding of the disparity in lung cancer risk.
In this study, we examined the relationships between genetic ancestry and metabolic biomarkers of nicotine and the potent tobacco smoke-derived carcinogen, 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) (12) , among smokers from 3 admixed populations in the Multiethnic Cohort (MEC) Study, where the gradients in genetic ancestry provide the necessary variation required for testing its effect. We also took advantage of the wide range of questionnaire information in the MEC Study on "environmental" factors, such as lifestyle, diet, and medical history, and adjusted our analysis for possible confounders. Important associations between genetic ancestry and biomarkers were followed up with an admixture mapping scan (13) to identify genomic regions harboring ancestry-specific variants that are related to the traits. An admixture scan can be more powerful than genomewide association studies (GWAS) in detecting ancestryspecific associations because of a reduced number of statistical tests being performed (13) .
Our results confirmed that genetic ancestry could explain part of the variation in nicotine metabolism, although no new genetic variant was found, in comparison with our recently published genome-wide association study (14) .
METHODS

Study population
The MEC Study includes over 215,000 participants aged 45-75 years at recruitment from 5 racial/ethnic groups (African Americans, Japanese Americans, Native Hawaiians, Latinos, and European Americans) in Hawaii and California. The cohort was assembled in 1993-1996; a self-administered, 26-page questionnaire was used to obtain extensive information on demographics, medical and reproductive histories, medication use, physical activity, diet, and supplement use. Blood and urine samples were collected mostly between 2002 and 2005 from all willing MEC participants still living in Hawaii or southern California. All MEC members providing biospecimens gave informed consent. Sample collection and all other procedures were approved by the institutional review boards of the University of Hawaii and the University of Southern California. Additional details are provided elsewhere (15) . Identification of incident cancer cases is by regular linkage with the Hawaii, Los Angeles County, and California Surveillance, Epidemiology, and End Results registries. Cancer-free smokers in the 3 admixed groups (African Americans, Native Hawaiians, and Latinos) with an available urine and blood sample and who reported having smoked cigarettes in the previous 2 weeks before specimen collection were included in this study.
Biomarker assays
For the biomarkers included in this study, well-established and analytically validated methods exist for their quantitation. All metabolic biomarkers were measured in first morning or overnight urine and were expressed in concentration. To adjust for possible differences in dilution between morning and overnight urine, we quantified and included urinary creatinine concentration as an adjustment variable in data analysis.
Nicotine is primarily metabolized by 3 pathways (Web Figure 1 available at http://aje.oxfordjournals.org/) and converted to 1) cotinine by cytochrome P450 2A6 (CYP2A6)-catalyzed C-oxidation; 2) nicotine N-oxide by flavin monooxygenasecatalyzed N-oxidation; and 3) nicotine glucuronide by 5′-diphospho-glucuronosyltransferase (UGT)-catalyzed conjugation (16) . Cotinine is further metabolized to trans-3′-hydroxycotinine (3HC) primarily by CYP2A6. Cotinine and 3HC can be converted to cotinine-glucuronide and 3HC-glucuronide by UGTs. Analysis of the urinary concentrations of total (the sum of free and the glucuronide conjugates) and free nicotine, cotinine, and 3HC was carried out by liquid chromatography-tandem mass spectrometry, as described previously (17) . The average percent differences from 115 duplicates across plates were as follows: 3HC, 6.8%; total 3HC, 8.7%; cotinine, 6.0%; total cotinine, 5.4%; nicotine, 9.7%; total nicotine, 11.1%; and nicotine N-oxide, 7.5% (17) .
The tobacco-specific lung carcinogen, NNK, can be metabolized by carbonyl reduction to 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanol (NNAL). Both NNK and NNAL are carcinogenic after bioactivation (18) . An important detoxification pathway for NNK is through glucuronidation of NNAL by UGTs (19) (Web Figure 2) . NNAL and NNALglucuronides were determined as previously described with slight modifications (20) .
Ancestry estimation
Study subjects were genotyped on the Human 1M-Duo BeadChip array (Illumina, San Diego, California), and genotypes of about 1,089,000 autosomal single-nucleotide polymorphisms for 364 African Americans, 311 Native Hawaiians, and 453 Latinos remained after strict and standard quality-control procedures for GWAS, as described elsewhere (14) . We further excluded 2 African Americans, 5 Native Hawaiians, and 11 Latinos who appeared as outliers from their self-reported ethnic groups on the basis of principal components derived from GWAS data.
Genome-wide global African, East Asian, Amerindian, European, and Hawaiian ancestries were estimated with the program ADMIXTURE (21) . For easy interpretation of ADMIXTURE results, we included reference populations genotyped on the Illumina 650 array from the Human Genome Diversity Panel (22) : Africans (Yoruba, Mandenka, and San); East Asians (Han Chinese and Japanese in Tokyo); Europeans (Basque, French, northern Italians, and Sardinians); and Native Americans (Mayans and Pima Indians). No public reference panel for Native Hawaiians is available, so we separately genotyped on the Human 1M-Duo BeadChip arrays 159 Native Hawaiians in the MEC Study who reported being >75% Hawaiian. Such individuals have been shown to be the best possible substitutes for ancestral Native Hawaiians (23). We followed standard GWAS quality-control procedures for this data set and retained about 1,088,000 autosomal single-nucleotide polymorphisms. Combining the different data sources resulted in a set of about 617,000 markers common to all groups. Among them, 90,700 independent markers (multiple R 2 < 0.1) were selected and used in ADMIXTURE.
Local ancestry estimation for the 3 admixed groups was performed separately with LAMP-ANC (Local Ancestry in Admixed Populations-Ancestral), version 2.5 (24) . For the 617,000 markers common to all groups, locus-specific ancestral allele frequencies (required parameter) were derived from the above-mentioned reference populations. LAMP-ANC selected unrelated (r 2 < 0.1) ancestry informative markers from the 617,000 markers: 185,386 for African Americans; 127,610 for Latinos; and 113,922 for Native Hawaiians. Prior ancestral composition and proportions (required) were set to the estimates derived from a previous MEC analysis (23): 20% European and 80% African for African Americans; 60% European and 40% Amerindian for Latinos because the African ancestral proportion was low in this population (<4% on average); and 27% European, 46% Hawaiian, and 27% East Asian for Native Hawaiians.
We compared the global ancestry estimated by ADMIXTURE and the genome-wide average of locus-specific ancestry estimated by LAMP-ANC for the 4 ancestries of interest, namely, African ancestry in African Americans, Amerindian ancestry in Latinos, and Asian and Native Hawaiian ancestries in Native Hawaiians. Eleven subjects with individual ancestry differences > 0.1 (5 Latinos, 6 Native Hawaiians) were removed. The correlation between global ancestry and average locus-specific ancestry was greater than 0.99 for all 4 ancestries after the removal. A total of 362 African Americans, 300 Native Hawaiians, and 437 Latinos were retained for analysis.
Statistical analysis
We analyzed the following 19 biomarkers (Web Table 1 ): total nicotine equivalents (sum of total cotinine, nicotine, 3HC, and nicotine N-oxide) as a measure of internal dose of tobacco smoke exposure; free nicotine; free cotinine; free 3HC; nicotine N-oxide; and total NNAL as a biomarker of total NNK uptake (18, 25, 26) ; percentages of free nicotine, nicotine-glucuronide, nicotine C-oxidation products (total cotinine + total 3HC), and nicotine N-oxide among total nicotine equivalents; nicotine, cotinine, and 3HC glucuronidation [(total − free)/total]; percentages of free cotinine, cotinine-glucuronide, and total 3HC among nicotine C-oxidation products; 2 measures of CYP2A6 activity for comparison with the literature (9), total 3HC/total cotinine and total 3HC/free cotinine; and NNAL glucuronidation [(total − free)/total NNAL] as a biomarker for detoxification of NNK.
Linear regression was performed separately in the 3 admixed groups to assess correlation between these traits and global African ancestry in African Americans, Amerindian ancestry in Latinos (adjusted for African ancestry), and Asian and Hawaiian ancestry in Native Hawaiians. Other ancestries were not included in modeling because of their low proportions (<1% on average). We adjusted for age at urine collection, sex, creatinine (log transformed), total nicotine equivalents (log transformed) where appropriate, self-reported numbers of cigarettes smoked per day during the last 2 weeks before urine collection, and other potential confounders (see below). Transformation (log or cube root; Web Table 1 ) was applied to reduce skewness and heavy tails in the distribution for some traits. For total NNAL and NNAL glucuronidation, we also adjusted for batch of NNAL assays. For the others, additionally controlling for batch did not change the relations materially.
The potential confounders included were body mass index, physical activity, ethanol drinking (0, ≤15, >15 g/day), caffeine intake (≤100, >100-300, >300-500, >500 mg/day), and education (<8th grade, high school, some college, college degree, and graduate degree) as a surrogate for socioeconomic status. The following variables were also considered but were not strong confounders and were not included in the regression analysis: use of estrogen in any form in women at urine collection (yes/no); ever use of birth control pills for ≥1 month (yes/no); ever use of aspirin 2 or more times per week for ≥1 month (yes/no); menopausal status; red meat consumption; total intake (from food and supplement use) of vitamins A, B 6 , B 12 , C, D, and E; and β carotene, calcium, folate, niacin, riboflavin, and thiamin. We checked residual plots to make sure the assumptions for linear regression were roughly met.
For significant associations between global ancestries and biomarkers, admixture mapping was performed by regressing biomarkers on local ancestry and adjusting for similar covariates as above plus global ancestries in the corresponding admixed groups.
The statistical significance threshold for analysis of global ancestry was 0.05/8/4 = 0.00156, accounting for 4 ancestries and 8 independent measured phenotypes. For admixture scans, we used the number of independent ancestry informative markers selected by LAMP-ANC in Bonferroni correction within each admixed group. The resulting significance threshold was 2.7 × 10 , and 4.4 × 10 −7 for African Americans, Latinos, and Native Hawaiians, respectively. SAS, version 9.3 (SAS Institute, Inc., Cary, North Carolina), and R (http://www.r-project.org/) were used for data analysis. Two-sided tests were used.
RESULTS
Basic characteristics of the smokers in this study are shown in Table 1 . The mean self-reported smoking dose at urine collection was lowest in Latinos (9.4 cigarettes smoked per day), followed by African Americans (11.2 cigarettes smoked per day), and Native Hawaiians (15.2 cigarettes smoked per day), although total nicotine equivalents were highest in African Americans. Caffeine and red meat consumption were much greater in Native Hawaiians and Latinos compared with African Americans, whereas alcohol intake was the lowest in Native Hawaiians compared with African Americans and Latinos. Average body mass index, physical activity, and smoking duration were similar among ethnic groups. The mean African ancestry was 77.5% (range, 29.3%-100%) in African Americans. The average Amerindian ancestry was 39.6% (range, 0%-80.3%) in Latinos. In Native Hawaiians, the average Asian and Hawaiian ancestry was 22.0% (range, 0%-100%) and 46.8% (range, 0%-100%), respectively.
The medians of nicotine C-oxidation proportions among total nicotine equivalents (i.e., transformation to cotinine and its metabolites) were 81%, 81%, and 73% in African Americans, Latinos, and Native Hawaiians, respectively, consistent with a previous observation that the majority of nicotine is cleared through the C-oxidation pathway (27) . The majority of nicotine C-oxidation products are in the form of 3HC or 3HC-glucuronide; the median proportions of total 3HC were 68%, 64%, and 56% in African Americans, Latinos, and Native Hawaiians, respectively, whereas free cotinine and cotinine-glucuronide comprised <21% and <25% of C-oxidation products on average in all groups. There were considerable differences in the distribution of the biomarkers among ethnic groups based on nonparametric tests (P's < 0.0001, Kruskal-Wallis test) (Web Table 2 ).
After adjustment for age at urine collection, sex, total nicotine equivalents, cigarettes smoked per day, and other potential confounders, 4 traits were significantly (P < 0.00156) related to African ancestry in African Americans, 2 of which were also related to Asian ancestry in Native Hawaiians (Table 2 ; Figure 1) . The free cotinine level (concentration or relative percentage among nicotine C-oxidation products) was higher with increased African and Asian ancestries. On a log scale, the percentage of free cotinine among C-oxidation products was predicted to increase 0.13 (95% confidence interval (CI): 0.053, 0.21) with a 20% increase in African ancestry (P = 0.0012) or, equivalently, the predicted ratio of change for this percentage was 1.14 (95% CI: 1.05, 1.24) between 2 persons with a 20% difference in African ancestry. Similarly, a 20% increase in Asian ancestry was associated with a predicted ratio of change of 1.08 (95% CI: 1.04, 1.13) (P = 5.0 × 10 −4 ) or an 8% increase. Because of the cube root transformation used, it was not easy to produce a meaningful prediction of change in the free cotinine level. African ancestry was also related to lower cotinine glucuronidation, among total cotinine or among nicotine C-oxidation products. The predicted decrease for cotinine glucuronidation was 8.6% (95% CI: 5.0, 12.1) (P = 4.5 × 10
) per 20% increase in African ancestry.
No other relationships between the biomarkers and global ancestries, including all those for Amerindian ancestry in Latinos and Hawaiian ancestry in Native Hawaiians, passed the threshold of statistical significance; however, several suggestive relations (P's < 0.05) may be of interest, given that our sample sizes were relatively small, and are shown in Web  Table 3 . The relationships did not differ significantly by total nicotine equivalents or levels of cigarettes smoked per day (data not shown). The results did not change in sensitivity analyses when prevalent lung cancer and other major cancer cases (n = 40) were removed. Parameter estimates changed >25% for some relationships with and without adjustment for lifestyle factors ( Table 2 ), suggesting that these factors may affect nicotine metabolism directly or indirectly. We list these suggestive relations (P's < 0.05) in Web Table 4 for further interest. Results additionally adjusting for estrogen use at urine collection and birth control pill use are in Web Table 5 . 948 Wang et al.
For the 6 relations observed in the global ancestry analysis (4 for African, 2 for Asian ancestry), we conducted admixture mapping in the corresponding admixed populations, namely, African Americans or Native Hawaiians. We found a significant signal only between local African ancestry on chromosome 4q and cotinine glucuronidation (Web Figure 3) . P values for association in this 12-Mb region from 62,418,658 to 74,039,463 base pairs (bp) were less than 2.7 × 10
, which is the significance threshold for admixture mapping in African Americans after Bonferroni correction. The top region spans from 66,071,716 to 66,454,906 bp (383 kilobases), corresponding to a 5.4% (95% CI: 3.7, 7.0) predicted decrease in cotinine glucuronidation per a 20% increase in local African ancestry (P = 1.5 × 10
−9
). This is the same region reported in our genome-wide association study of cotinine glucuronidation (14) . After adjustment for the genotyped rs294777 (69,682,471 bp), one of the top hits from the GWAS results, the strength of association at the top region from admixture mapping was substantially reduced (P = 0.59), indicating that they represent the same signal. rs294777 is intronic to UGT2B10, the gene encoding the enzyme catalyzing nicotine and cotinine glucuronidation. It is worth noting that, in the model including rs294777, global African ancestry was still significantly related to cotinine glucuronidation (P = 0.0001), suggesting that more genetic variation influences this trait. A similar extent of association was seen at the same region for cotinine glucuronidation among nicotine C-oxidation products (smallest P = 1.7 × 10 −8 ).
DISCUSSION
Building upon previous reports of ethnic/racial differences in tobacco smoke-related metabolism, we took an in-depth look at the hypothesis that genetic ancestries are related to Free cotinine among C-oxidation products Abbreviation: CI, confidence interval. a Basic adjustment for age at urine collection, sex, creatinine (log transformed), total nicotine equivalents (log transformed), and self-reported numbers of cigarettes smoked per day during the last 2 weeks before urine collection.
b Additional adjustment for body mass index, physical activity, ethanol drinking, caffeine intake, and education. Genetic Ancestries and Nicotine Metabolism 949 nicotine metabolism and internal dose of a tobacco smoke carcinogen. Our results, with adjustment for an array of important "environmental" and lifestyle factors, demonstrated that African and Asian ancestries were related to a higher free cotinine level and that African ancestry was related to lower cotinine glucuronidation. A follow-up admixture scan revealed a 12-Mb region possibly containing African ancestryspecific variants on chromosome 4q related to cotinine glucuronidation. Although the region, which includes UGT2B10, was the same one identified in our previous genome-wide association study (14) , these results indicate the existence of ancestry-specific genetic factors underlying the ethnic/racial variation in nicotine metabolism.
We showed that Asian ancestry was associated with a higher cotinine level. Few past studies focused on East Asians. Previous reports suggested that CYP2A6 activity (9) and nicotine equivalents (adjusted for cigarettes smoked per day) were lower (9, 28) in East Asians, compared with whites. In this study, East Asian ancestry was only suggestively related to lower CYP2A6 activity (P = 0.008) (Web Table 3 ), perhaps because of the stringent significance level used and a relatively small sample size.
The findings that African ancestry was related to a higher level of free cotinine and a lower level of cotinine glucuronidation are consistent with previous reports (8, 10, 11) . In humans, the majority of nicotine is metabolized to cotinine through C-oxidation quickly by CYP2A6; cotinine is further metabolized by CYP2A6 to 3HC at a relatively slower rate (29) (30) (31) or converted to cotinine-glucuronide primarily by UGT2B10 (11) . Higher free cotinine levels could be due to faster conversion into cotinine from nicotine, a lower cotinine glucuronidation rate, and/or slower conversion of cotinine to 3HC. Past studies suggested that higher African ancestry correlates with reduced CYP2A6 enzymatic activity that affects more of the conversion from cotinine to 3HC than from nicotine to cotinine, because of a higher prevalence of slowmetabolizing CYP2A6 alleles in this population (32) , which results in a higher free cotinine level (31) . In our data, the evidence was weak that African ancestry was related to lower CYP2A6 activity (P = 0.07) (Web Table 3 ) or total nicotine C-oxidation products (P = 0.15). Therefore, it is likely that the correlation of higher cotinine with increasing African ancestry was mainly driven by lower cotinine glucuronidation. However, because of our small sample size, we cannot rule out the possibility that both mechanisms (i.e., lower cotinine glucuronidation and lower CYP2A6 activity) contributed to the correlation between higher cotinine and increasing African ancestry.
The role of lower cotinine glucuronidation or high free cotinine with regard to lung cancer risk is not clear, and there have not been enough incident lung cancer cases so far (n = 12) in our cohort study to address this question, even though an association between higher free cotinine and lung cancer risk has been suggested (33) . UGT2B10 that catalyzes cotinine glucuronidation is also involved in detoxification/ glucuronidation of the lung-cancer carcinogen NNAL. However, we did not observe an important relation between African ancestry and NNAL glucuronidation, although the percentages of glucuronidation for NNAL and cotinine were moderately correlated (ρ = 0.43; P < 0.0001). This suggests that other UGTs (UGT2B7, UGT2B17, etc.) in the NNAL detoxification pathway (Web Figure 2) , but not in cotinine glucuronidation, play an important role.
The limitations of this study include the moderately small sample size in each admixed group. As a result, statistical power for detecting significant associations was relatively low. The Bonferroni correction applied here, accounting for 4 ancestries and 8 traits, was conservative. Although this reduced the chance of false positives, it increased the possibility of missing true but weak associations. We, therefore, present suggestive relations in our Web Material data for further interest. Also, as in all observational studies, even though we carefully adjusted for many possible confounders in the analysis based on general knowledge (e.g., creatinine level to control for differences in overnight or morning urine, education as surrogate for socioeconomic status, estrogen use because estrogen influences CYP2A6 activity (34) (35) (36) ), some confounding factors may have been overlooked or unmeasured, and a systematic search for specific "environmental" risk factors associated with nicotine metabolism should be carried out separately. One concern may be that the dietary or lifestyle factors used here were obtained from the baseline questionnaire that was administered about 10 years prior to urine collection. Only body mass index was available from follow-up (1-9 years after enrollment) for 84% of the subjects, and the correlation was 0.89 between the 2 measurements. However, it is unlikely that a change in diet or lifestyle could lead to systematic bias in our ancestry analysis, as the change is more likely to be random rather than related to a person's genetic ancestry within ethnic/racial groups. Finally, only a single measurement was available for the biomarkers. Serial measurements would have reduced the effect of intraindividual variability, which is likely to have been nonsystematic and to have lowered statistical power in our study.
In summary, our results support that genetic factors underlie the ethnic/racial variation in nicotine metabolism and that larger studies are needed to further identify these factors. Smoking remains a major preventable cause of lung cancer worldwide. Understanding variations in nicotine metabolism improves our understanding of disparities in smoking behavior and susceptibility to nicotine addiction. It may also help in designing new smoking cessation interventions and in discovery of the mechanisms contributing to ethnic/racial differences in lung cancer risk.
